Furan is a widely used industrial chemical that is also present in the environment (Capurro, 1973; International Agency for Research on Cancer, 1995; Maga, 1979) . The human health effects of furan are unknown. It is both hepatoxic and carcinogenic after oral administration in mice and rats, inducing cholangiocarcinomas and hepatocellular carcinomas (Elmore and Sirica, 1993; Maronpot et al., 1991; National Toxicology Program, 1993) . Based on these results and the large potential for human exposure, furan has been listed as a possible human carcinogen by the National Toxicology Program and the International Agency for
Research on Cancer (International Agency for Research on Cancer, 1995; National Toxicology Program, 2000) .
Furan toxicity requires metabolism. Furan is transformed into a protein binding intermediate via a cytochrome P450 dependent process both in vivo and in vitro (Burka et al., 1991; Parmar and Burka, 1993) . The reactive metabolite is efficiently trapped with glutathione (GSH), reducing protein binding by greater than 85% (Parmar and Burka, 1993) . Furan depletes GSH and reduces cell viability at biologically relevant doses in freshly isolated hepatocytes . Furan also depletes ATP in isolated hepatocytes and uncouples oxidative phosphorylation both in vitro and in vivo (Mugford et al., 1997) . These effects are inhibited by cytochrome P-450 inhibitors such as 1-phenylimidazole and induced by acetone pretreatment (induction of cytochrome P450 2E1), paralleling the effects of inhibitors and inducers of furan metabolism .
The initial oxidation product of furan is cis-2-butene-1,4-dial (Figure 1 ). This compound is reactive and difficult to isolate and characterize directly. In previous studies, the formation of this metabolite was monitored by trapping with semicarbazide or [ 3 H]GSH as the bissemicarbazone or the bis-GSH conjugates, respectively (Chen et al., 1995; Chen et al., 1997) .
This article has not been copyedited and formatted. The final version may differ from this version. (Parmar and Burka, 1993) and will not inhibit cytochrome P450. Trapping reactive metabolites with GSH or other sulfhydryl reagents has been employed as a method to estimate the extent of metabolic activation for a number of drugs and environmental compounds (Alvarez-Diez and Zheng, 2004; Baer et al., 2005; Gan et al., 2005; Smith et al., 2003; Tang et al., 1999) . In this report, we describe the development of an HPLC-EC method for the detection of cis-2-butene-1,4-dial-GSH conjugates and its application to determine the extent of the cytochrome P450 catalyzed oxidation of furan in microsomal preparations.
Methods
Solutions of cis-2-butene-1,4-dial were prepared and quantified as previously reported (Byrns et al., 2004; Peterson et al., 2000 from Charles River Laboratories (Kingston, NY). In some cases, the rats received 1% acetone in their drinking water for one week prior to sacrifice . Liver microsomes were isolated as previously described (Guengerich, 1982) .
Identification of MonoGSH
Conjugates of cis-2-butene-1,4-dial. cis-2-Butene-1,4-dial (0.42 mg, 5.0 µmol) and GSH (7.7 mg, 25 µmol) were combined in 100 mM potassium phosphate buffer, pH 7.4 (total volume: 0.5 mL). After 30 min at room temperature, TCEP (7.2 mg, 25 µmol) was added and the reaction was continued for an additional 30 min. cis-2-Butene-1,4-dial-GSH conjugates were purified by HPLC with UV detection on a Synergi HPLC column (Phenomenex, Torrance, CA; 4.6 x 250 mm, 4 micron) using solvents A (100 mM ammonium acetate) and B (95% acetonitrile) at a flow of 1 mL/min. The mixture was eluted with a linear gradient from 100% A to 90%A/10% B over 15 min. The mono-GSH conjugate eluted at 6 min.
N- In some microsomal incubations, there was a background peak that interfered with the signal for the mono-GSH conjugates. In these cases, we used only the bis-GSH conjugates to quantitate metabolism since the mono and bis-GSH conjugates were always formed in the same ratio, independent of cis-2-butene-1,4-dial or furan concentration. Full-scan LC/MS was performed with a scan range of m/z 150-1500, with MS/MS performed on the most abundant ion. The elution buffers were E (0.06% TFA in water) and F (acetonitrile containing 5% water). The mixtures were separated with a linear gradient from 97%E/3%F to 50% E/50% F over 25 min at a flow rate of 0.2 mL/min. The first five minutes were diverted to waste to reduce the amount of salt entering the mass spectrometer.
Results and Discussion
Initial attempts to measure the levels of GSH conjugate formation with [ 3 H]GSH were complicated by high radioactive background from the presence of excess [ 3 H]GSH (Chen et al., 1997) . Since radiolabeled furan was not available, non-radioactive methods were considered.
We decided to explore HPLC with electrochemical (EC) detection since it has been used as a method for quantitation of GSH and other thiol containing compounds (Manna et al., 1999; Melnyk et al., 1999; Remião et al., 2000) . The HPLC-EC detection method was developed with a solution of cis-2-butene-1,4-dial in the presence of excess GSH; cis-2-butene-1,4-dial reacts readily with GSH to form GSH reaction products (Chen et al., 1997) . This reaction is complete within 15 min (data not shown). HPLC analysis of this reaction mixture indicated the presence of two major peaks corresponding to reaction products ( Figure 2A ).
To confirm the identity of the electrochemically active peaks as GSH reaction products, the reaction mixtures were analyzed by LC/MS/MS analysis. The second peak (12.5 min)
contains both the 2-and 3-substituted bis-GSH conjugates (Figure 1) . Consistently, the molecular ion of the compounds contained in this peak was m/z 663 ( Figure 3A ) and the daughter ion spectrum was consistent with the formation of the previously characterized bis- (Figures 1 and 3A ) (Chen et al., 1997) . The earlier eluting reaction product (11 min) produced a molecular ion at m/z 356. The daughter ion spectrum contains an ion at m/z 338 which results from the loss of water ( Figure 3A ). This molecular ion is consistent with the formation of a mono-GSH conjugate (Figure 1 ). The absence of significant fragmentation patterns indicated that both the amino and the sulfhydryl groups of GSH are involved in conjugate formation. 1 H NMR data support the conclusion that the α−amino group of GSH is involved in pyrrole ring formation. The patterns of the aromatic protons indicate that the thiol group of GSH is attached to either the 2-or 3-position of the pyrrole ring (Chen et al., 1997) . Integration of these aromatic protons is consistent with an approximately 1:1 mixture of the 2-and 3-substituted cyclic mono-GSH reaction product (Figure 1 ).
GSH conjugates of cis-2-butene-1,4-dial

Storage of cis-2-butene-1,4-dial-GSH solutions led to the formation of a complicated mixture (data not shown). While the mono-GSH reaction products appear to be stable, the bis-
GSH reaction products readily formed mixed disulfides with themselves as well as with GSH (Chen et al., 1997) . The addition of 4 mM TCEP, which reduces disulfide bonds (Burns et al., 1991; Krijt et al., 2001) , removed this complexity in the HPLC traces. All subsequent analyses were performed following the addition of TCEP to maintain the reduced state of any free thiol groups. Under these reductive conditions, the cis-2-butene-1,4-dial-GSH products were stable for several days as judged by HPLC analysis. (Parmar and Burka, 1993) . The presence of the complete microsomal system did not appear to alter the relative ratio of the mono-versus bis-GSH-reaction products. The calibration curves were conducted in the presence of same concentration of microsomal protein as the furan-containing incubations.
The signal for the cis-2-butene-1,4-dial-GSH conjugates was maximal at an electrode potential of +675 mV. Quantification of the cis-2-butene-1,4-dial-GSH
These calibration curves were run each day since there was some variation in the electrochemical response.
The HPLC-EC analytical method was applied to estimate the extent of microsomal oxidation of furan to cis-2-butene-1,4-dial. The formation of the GSH conjugates required the presence of furan, GSH and NADPH ( Figure 2B-D) . LC-MS/MS analysis confirmed that the conjugates detected by HPLC-EC were the same conjugates observed in reactions of GSH and cis-2-butene-1,4-dial ( Figure 3B ).
This article has not been copyedited and formatted. The final version may differ from this version. The kinetics of furan oxidation to cis-2-butene-1,4-dial was measured in rat liver microsomes from both untreated and acetone-pretreated rats as well as human P450 2E1 supersomes (Table 1) . Reaction times and protein levels were adjusted so that less than 5% of furan had been converted to the GSH-conjugates. This allowed for more accurate determination of the kinetic parameters. Acetone pretreatment of the rats lowered the Km but increased the Vmax for furan oxidation in liver microsomes. The increased rate of oxidation is consistent with previous reports that acetone increases cytochrome P450 2E1 activity as well as furan metabolism in hepatocytes . The unexpected change in Km may indicate that there are other P450s contributing to the oxidation of furan in the uninduced microsomes.
Consistent with this hypothesis, furan oxidation was less sensitive to inhibition by the P450 2E1
substrate, p-nitrophenol, in the uninduced microsomes ( Figure 5 ). Human P450 2E1 supersomes containing cytochrome b 5 also catalyzed the oxidation of furan, with a K m higher than that observed with rat liver microsomes (Table 1) . p-Nitrophenol inhibited the formation of cis-2-butene-1,4-dial-GSH conjugates to a similar extent in the human P450 2E1 supersomes and the microsomes from acetone-pretreated rats ( Figure 5 ).
Previously, Kedderis and coworkers reported evidence that P450 2E1 was responsible for the metabolism of furan in rat hepatocytes . Furan metabolism was determined by measuring the disappearance of furan. These studies indicated that the disappearance of furan was a single saturable process with a K m of 0.4 µM in rat hepatocytes.
Subsequent studies with human hepatocytes yielded a K m in the range of 2.1-3.3 µM (Kedderis and Held, 1996) .
The K m in our microsomal reactions was at least an order of magnitude higher than that observed in the hepatocytes experiments. The reason for this discrepancy is unknown. The
This article has not been copyedited and formatted. The final version may differ from this version. methods of analysis are different in the two studies; the kinetic parameters in the hepatocyte studies were obtained by measuring the disappearance of furan whereas the kinetic parameters in our experiments were determined by measuring product formation. We believe that the oxidation of furan to cis-2-butene-1,4-dial is the overall rate determining step in the formation of the GSH conjugates since the reaction with GSH is quite rapid and is not thought to involve an enzymatically mediated pathway. In the hepatocyte studies, the observed kinetics is a composite of a larger variety of rate-determining steps. The actual concentration at the site of the enzymes is unknown.
In summary, we have developed an assay for the quantification of cis-2-butene-1,4-dial-GSH conjugates formed in metabolic reactions. This lead to the identification of a previously uncharacterized GSH-reaction product, the mono-GSH conjugates. Preliminary results with rat liver microsomes indicate that cytochrome P450 2E1 is a catalyst for the oxidation of furan to cis-2-butene-1,4-dial but that other P450s may also be involved in the metabolic activation of this compound. This assay will be employed to investigate the ability of other P450 enzymes to carry out this reaction as well as explore tissue and species differences in furan oxidation. were performed with untreated rat liver microsomes (250 µg protein/mL) in the presence of 8 mM GSH and required cofactors for 10 min at 37 °C. tris(Carboxyethyl)phosphine (TCEP) was added prior to the analysis to reduce any disulfide bonds (Burns et al., 1991; Krijt et al., 2001) . NP (0-100 µM) was added to incubations of furan (25 µM) with human 2E1 supersomes (15 µg protein/mL), or liver microsomes from either untreated (250 µg protein/mL) or acetone pretreated F-344 rats (50 µg protein/mL) in the presence of a NADPH regenerating system. The extent of furan metabolism was determined by EC-HPLC analysis.
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